In the bacterial system, these factors are EF-Tu, which delivers aa-tRNA to the ribosome, and EF-G, which promotes translocation. The second step, peptide bond formation, is catalyzed by the ribosome and does not involve accessory factors. The reaction , of 50S ribosomal subunits shows that the catalytic and a similar structure was observed in 50S subunits center consists of RNA only and suggests potential from Deinococcus radiodurans (Harms et al., 2001). Pocatalytic residues. Here we report rapid kinetics of the sitioning of the 3Ј CCA ends of both pept-tRNA and aapeptidyl transferase reaction with puromycin at rates tRNA by forming base pairs with rRNA appears to have up to 50 s Ϫ1 . The rate-pH profile of the reaction reveals an important role in catalysis (Kim and Green, 1999; that protonation of a single ribosomal residue (pK a ϭ Samaha et al., 1995). Several base pairs between CCA 7.5), in addition to protonation of the nucleophilic sequences of substrate analogs and bases in the P and amino group, strongly inhibits the reaction (Ͼ100-fold).
Introduction peptidyl-or polyphenylalanyl-tRNA as donor substrate in the P site and puromycin (Pm) as A site substrate, The elongation cycle of protein synthesis is comprised revealed a strong pH dependence of the reaction. This of three major steps. During the first step, aminoacylsuggested a contribution of general acid-base catalysis tRNA (aa-tRNA) with an anticodon complementary to involving an ionizing group with a pK a of 7.5-8.0 (Maden the mRNA codon presented in the decoding site binds and Monro, 1968) or 7.2 (Pestka, 1972) . A similar pH to the A site of the ribosome. The decoding site is located dependence was observed using a Pm analog with a on the small ribosomal subunit called 30S in bacterial hydroxyl group replacing the ␣-amino group (Fahnesribosomes. In the second step, A site-bound aa-tRNA tock et al., 1970), indicating that the reaction was in fact reacts with P site-bound peptidyl-tRNA (pept-tRNA) to strongly impaired by protonation of a functional group form a peptide bond, resulting in deacylated tRNA in of the ribosome. However, in these early studies the the P site and pept-tRNA that is one amino acid longer measured rates were generally rather low (Ͻ2 min Ϫ1 ), in the A site. The reaction takes place in the peptidyl which suggests that the observed reaction rates were transferase (PT) center that is located on the large ribolimited by some step(s) other than the chemical step. On somal subunit 50S in bacteria. The cycle is completed the basis of the crystal structure, a conserved adenine by the translocation of pept-tRNA from the A site to the residue (A2486 in H. marismortui, A2451 in Escherichia P site; during the movement, the mRNA is carried along coli; E. coli numbering is used hereafter) in the PT center with the tRNA, performing a movement by one codon was suggested to act as a general base (Nissen et al., triplet, and deacylated tRNA moves out of the P site 2000). Mutational analysis in vivo implied an essential and dissociates from the ribosome. In order to proceed role of A2451 for the function of E. coli ribosomes (Muth at physiologically relevant rates, the first and the third et al., 2000). However, kinetic data on the catalytic step steps require catalysis by accessory enzymes, elonganecessary to substantiate such models are lacking so far. In the present work, the kinetics of the PT reaction were studied under conditions where the catalytic step Figure 1A) . The stable postranslocation be the same if some step of A site binding was rate limiting. Rate constants of peptide bond formation meacomplex was purified from translation factors and un- than the pK a of Pm, which was determined to be 6.9 Ϯ 0.2 (37ЊC) ( Figure 4C ) (see also Smith et al., 1965) .The slope of the plot was 1.5 ( Figure 4B ). It should be 1.0 if sured at saturating Pm concentration (10 mM) were there was only one ionizing group involved (cf. modeled rather different, ranging from 0.8 s Ϫ1 for fMet-tRNA fMet to curve in Figure 4B ). This argues that at least two ionizing 45 s Ϫ1 for fMetAlaAsnMetPheAla-tRNA Ala (Figure 3 ). This groups take part in the PT reaction with Pm. The fact shows that the reaction is not limited by any step related that the slope was 1.5, and not 2.0, suggested that the to Pm binding into the reactive position in the A site and singly protonated intermediate can still react at a signifisuggests that the quench-flow assay measures a step cant rate. directly belonging to the catalysis of peptide bond forThe unknown rate constant of the reaction in the singly mation. That the assay monitors the chemistry step is protonated system and the unknown pK a of the second also suggested by results obtained with a derivative of base were estimated from the log(k pep ) versus pH plot puromycin in which the amino group was exchanged ( Figure 4B ). The system was modeled as having two for a hydroxyl group (see below).
ionizing groups (Fersht, 1998) , one with pK a1 of the substrate, Pm, and another with pK a2 of a ribosomal residue, Rs, and assuming that protonation of the nuTwo Ionizing Groups in the Peptidyl Transferase Reaction with Pm cleophilic substrate virtually eliminates the reaction. For the calculations, the following parameters were used: The pH dependence of the PT reaction between fMetPhe-tRNA Phe and Pm was determined from time curves k pep Ͻ0.01 s Ϫ1 for the doubly protonated system, k pep ϭ 50 s Ϫ1 for the unprotonated system, and pK a2 ϭ 7.5. The measured at saturating Pm concentration and at pH values between pH 5.3 and 8.7, yielding rate constants of best fit ( Figure 4B ) was obtained with the parameters summarized in Figure 4D . This suggests that (1) single the PT reaction, k pep . The ribosome complexes remained intact and competent in peptide bond formation over protonation (pK a2 ϭ 7.5) reduces the rate constant of the PT reaction about 100-fold, to 0.5 Ϯ 0.2 s Ϫ1 , and (2) the whole pH range. This was shown by unchanged that the second ionizing group, protonation of which 5B). The log(k pep ) versus pH plot ( Figure 5C ) revealed a pK a of 7.5 Ϯ 0.1 for the titrated group, similar to that abolishes the reaction, has a pK a of 6.9 Ϯ 0.2. Assuming that Pm with a protonated amino group is inactive in the seen with Pm. However, the slope of the plot was close to 1 (0.93 Ϯ 0.05), suggesting that the rate of the PT PT reaction, the pK a1 of 6.9 Ϯ 0.2 might be attributable to Pm, consistent with the value of 6.9 Ϯ 0.2 for the pK a reaction with Pm-OH was determined by a single ionizing group. This group must be ribosomal, because Pmof free Pm obtained by titration ( Figure 4C ). If this assignment is correct, then the other ionizing group must be OH does not have a pK a close to 7.5. The maximum rate of the reaction with Pm-OH was 0.1 s Ϫ1 (pH 8.2), in a ribosomal residue that titrates with a pK a around 7.5. keeping with a lower nucleophilicity of the OH group compared to the NH 2 group of Pm. The strong depen-A Single Ionizing Group of the Ribosome dence of the reaction rate on the nature of the nucleoIs Involved in Catalysis phile strongly supports the contention that the kinetic To test the assignment of pK a1 to the ␣-amino group assay monitored the chemistry step of the reaction. of Pm, we used a derivative of Pm (Pm-OH) in which the amino group of phenylalanyl-3Ј-deoxy-3-amino-N, N-dimethyl adenosine was replaced with a hydroxyl Inhibition of the PT Reaction by the A2451U Mutation in 23S rRNA group. Because the hydroxyl group is not protonated in the pH range studied here, Pm-OH can be used to study
The effect of the substitution of A2451 with U was assessed using a ribosome preparation in which a fraction the pH profile of the PT reaction without interference by protonation of the nucleophile. of the ribosomes carried the A2451U mutation (Thompson et al., 2001). With these ribosomes, time curves of Due to the low water solubility of Pm-OH, assays had to be performed in the presence of 20% DMSO, but this the PT reaction with Pm were biphasic and had to be evaluated by double-exponential fitting ( Figure 6A ), had no effect on the rate of the reaction with Pm (data not shown). Compared to Pm, reaction rates with Pmwhereas pure A2451 ribosomes with the same genetic background yielded strictly single-exponential curves OH were much lower but exhibited the same concentration dependence (apparent K d ϭ 4 mM) ( Figures 5A and  (Figure 6A ). At conditions of maximum rates, i.e., pH Ն tant ribosomes resulted in a slope of about 1 and a pK a of 6.9 Ϯ 0.2 ( Figure 6B ). This argues that a single ionizing group was involved in the reaction and that inhibition 7.7, the rate constant of the slow component was 0.3 s Ϫ1 . This was more than 100 times smaller than the fast by protonation of a ribosomal group with pK a ϭ 7.5, as observed with wild-type ribosomes, was eliminated by component, 40 s Ϫ1 , which was about the same as that found for pure wild-type ribosomes. Thus, the slow PT the A2451U substitution. It appears that the inhibition observed upon lowering the pH with mutant ribosomes reaction can be attributed to the fraction of mutant ribosomes present in the mixed preparation. This indicates was due to protonation of Pm only. ., 2000) . The strong inhibition of the PT pair discussed above, where A2450 is stacked onto reaction resulting from the A2451U substitution, which A2451, is no longer favored. also eliminates the pK a of the ribosomal group, would
In conclusion, the kinetic dissection of the PT reaction be in line with the proposed mechanism. However, as suggests that catalysis by the ribosome comprises both the unperturbed pK a of N3 is expected to be significantly positional and general acid-base catalysis. Clearly, furlower than that of N1, which is around 3.5, the mechather mutational and structural work is required to subnism requires that the pK a be shifted very substantially, stantiate this mechanism. Furthermore, it will be interand it is uncertain whether the proposed charge relay esting to study the mechanism with the true A site system involving G2447 ( 
